Summary
Introduction
Interest in the human gut microbiota has increased considerably during recent years due to its influence upon human health. One of the main activities of the gut microbiota is to ferment fiber derived from the diet that remains undigested by host enzymes, yielding additional metabolites and energy sources that influence host metabolism, e.g., nutrient absorption and production (Goodman et al., 2009) and energy balance (Turnbaugh et al., 2006) . In addition, the human gut microbiome plays a role in the regulation of the immune system (Lee and Mazmanian, 2010) and is an important parameter in many inflammatory and infectious diseases (Young et al., 2005; Kerckhoffs et al., 2011; Vaarala, 2012) .
Although cellulose is the major constituent of plant fiber, there have been very few reports of bacteria from the human gut that are able to degrade cellulose. To date, the only human colonic bacterium reported to be capable of degrading crystalline cellulose is Ruminococcus champanellensis. This anaerobic, cellulolytic, grampositive bacterium has been isolated from the human colon and characterized (Chassard et al., 2012 ). An additional strain closely related to R. champanellensis, Ruminococcus sp. CAG:379, was isolated independently from the human gut microbiota, suggesting that this bacterium could be widespread in humans. In view of Ruminococcus champanellensis remarkably efficient enzymatic activity on microcrystalline cellulose, its genome was sequenced (GenBank, FP929052.1), and this revealed numerous genes coding for elements of a cellulosomal enzyme complex (Ben David et al., 2015) , including 12 scaffoldin proteins, collectively carrying 20 cohesins, and 65 dockerin-containing proteins.
Cellulosomes are high-molecular-weight multienzymes complexes which were first described in the anaerobic highly cellulolytic thermophilic bacterium, Clostridium thermocellum (Lamed et al., 1983) . One of its basic cellulosomal components is a cell-associated scaffoldin subunit, which contains a single cellulosebinding module (CBM) for substrate binding and 9 cohesin modules that serve to integrate dockerin-containing enzymes. The high-affinity cohesin-dockerin interaction was demonstrated to be calcium dependent (Yaron et al., 1995) and species specific (Lytle et al., 1996) . To date, three types of cohesins or dockerins have been defined, based on their amino-acid sequences (Bayer et al., 2004) . The proximity of the
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enzymes within the complex, the targeting of the complex to the substrate and its anchoring to the cell surface are believed to render the cellulosomal complex highly efficient in cellulose degradation. Cellulosomes with various architectures were also discovered in additional anaerobic bacteria within the Clostridiaceae and also within the Ruminococcaceae, specifically Ruminococcus flavefaciens isolated from the cow rumen (Ding et al., 2001; Rincon et al., 2010) . The latter possesses a larger variety of cellulosomal components, including a large set of adaptor scaffoldins but its cellulosomal organization has yet to be fully determined.
In a recent study (Ben David et al., 2015) , the in-vitro characterization of the various cellulosomal components of R. champanellensis was performed. The cohesindockerin interactions among the components revealed the possible assembly of a cellassociated cellulosomal complex that could assemble up to 11 enzymes. In addition, a scaffoldin cluster was described, displaying organizational similarities with the R. flavefaciens scaffoldin cluster. Moreover, most of the cohesins of the two species appeared to be phylogenetically related (in most cases type III cohesins). The reiterated sequences of the 65 dockerins were divided into 4 groups, using bioinformatic-based criteria. Twenty-four selected representatives of each group were examined for their specificities, among them 8 originating from scaffoldins and 11 derived from putative glycoside hydrolases. The enzymatic activity of each protein, however, remained undefined.
In the present report, we aimed to characterize the enzymatic activity of the 25 dockerin-containing glycoside hydrolases revealed by CAZy and bioinformatic analysis, along with their dockerin specificities, in order to expand our knowledge on the architecture and activity of the cellulosome from R. champanellensis, thus far the sole characterized cellulosome-producing bacterium in the human gut.
RESULTS

Dockerin
-containing glycoside hydrolase production. Bioinformatic analysis of the R. champanellensis genome revealed 25 putative dockerin-containing glycoside hydrolases (Ben David, 2015) . Accordingly, these putative enzymes appeared to be related to GH5, GH8, GH9, GH10, GH11, GH16, GH26, GH30, GH43, GH44, GH48, GH74 and GH98 families (Cantarel et al., 2009 ). The modular organization Accepted Article and molecular weights of these GHs are listed in Table 1 . Altogether, 25 putative enzymes were cloned without their signal peptides, taking into account their inherent modular organization. The cloning of two multifunctional proteins, GH9B-Doc-GH16A and GH43C-Doc-CE, presented technical difficulties (no amplification could be obtained using either genomic DNA or whole cells as template, under various PCR conditions); therefore they were cloned in segments. In the first, GH9B-Doc-GH16A, the dockerin and the GH16 module only could be inserted in the plasmid, and in the second, GH43C-Doc-CE, the carbodydrate esterase module (CE) was omitted in the final construct. In both cases, the dockerin module, that may bear the most valuable information for our studies, could be preserved.
All of the proteins were produced in Escherichia coli, and SDS-PAGE analysis of the purified proteins revealed in most cases a major protein band in good agreement with the respective calculated molecular masses (Supplemental Figure S1 ).
Enzymatic activity profile of the GH modules. The enzymes GH5A, GH5B, GH8A, GH9A, GH9C, GH9D, GH9E, GH9F, GH9G were all active on CMC (carboxymethyl cellulose) and Avicel (microcrystalline cellulose) and thus classified as endoglucanases ( Figure 1A and B). Only endoglucanases or processive endoglucanases are active on the soluble CMC substrate, whereas exoglucanase activity can be detected on microcrystalline cellulose. Three of the enzymes, GH8A, GH9A and GH9D, were the most active on the CMC substrate, and GH9A and GH9D also exhibited the highest levels of degradation on Avicel. As expected, the GH48A enzyme exhibited very low levels of enzymatic activity on Avicel by itself, but acted in synergy with GH5B and GH8A (2.7 and 4 fold, respectively), in accordance with other common cellulosomal GH48 cellobiohydrolases (Vazana et al., 2010; Zhang et al., 2010; Morais et al., 2012) . Analysis of cell-associated proteins revealed that the two proteins most highly up-regulated during growth of R. champanellensis on filter paper cellulose compared with growth on cellobiose were Cel48A (GH48A, 364-fold increase) and Cel9F (GH9F 186-fold increase) enzymes (Table 2 and Supplemental Figure S2 ). In addition, a number of gene products showed decreased expression during growth on cellulose, which may be related to slower growth rate.
The GH10A, GH10B-GH43E, GH11A-CE and GH30A-CE were active on beechwood xylan and thus classified as xylanases (Figure 2A ). The GH10A and GH11A-CE exhibited the highest level of degradation, while GH30A-CE was the least active of these four xylanases. Three mannanases, GH5C, GH26A and GH26B
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were active on locust bean gum, and they exhibited similar levels of activity ( Figure   2B ). GH16A was active on -D-glucan from barley ( Figure 2C ). Two arabinanases, GH43A and GH43D, were active on debranched arabinan, and GH43D was more active on this substrate ( Figure 2D ). Two xyloglucanases, GH44A and GH74A, were active on xyloglucan, GH44A being more active ( Figure 2E ). These two xyloglucanases were also active on CMC (but not PASC, phosphoric acid swollen cellulose) as sometimes observed for "non-xyloglucan-specific xyloglucanases" (Zverlov et al., 2005) . Two arabinofuranosidases, GH43B and GH10B-GH43E, were active on pNP--L-arabinofuranoside; the highest activity was measured for the bifunctional xylanase-arabinofuranosidase GH10B-GH43E (Figure 2A and 2F ). Since arabinofuranosidase activity can be attributed only to the GH43 module, we presume that the xylanase activity of this bifunctional enzyme is provided by the GH10 module.
No enzymatic activity could be detected for GH43C on xylans, arabinans, pNP--D-xylopyranoside and pNP--L-arabinofuranoside. The fact that we had to truncate the enzyme for cloning considerations could be a reason for the apparent absence of enzymatic activity. In addition, the enzymatic activity of GH98A remains undetermined (no enzymatic activity on pNP--D-galactopyranoside).
The schematic modular architecture of these 25 dockerin-containing glycoside hydrolases, along with their enzymatic activities and dockerin groupings and their proposed nomenclature, is presented in Figure 3 . In total, the enzymatic activities of 10 cellulases, 4 xylanases, 3 mannanases, 2 xyloglucanases, 2 arabinofuranosidases, 2 arabinanases and one -glucanase were established. The enzymatic activity of the putative carbohydrate-esterase modules remained undetermined.
New insight into dockerin specificity: Regrouping of dockerin-containing proteins. Dockerin structures are characterized by two segments, each of which contains a Ca +2 -binding loop and a cohesin-binding helix, which is coordinated by specific positions of amino acids (Pages et al., 1997; Mechaly et al., 2000; Mechaly et al., 2001; Carvalho et al., 2003; Bayer et al., 2004) . Historically, in most of the type I dockerins, a clear two-fold symmetry has been observed between their two segments, wherein designated recognition residues are repeated (in identical or very similar fashion). This symmetry has proved to enable two separate cohesin-binding surfaces, with 180° rotation between them, and this phenomenon has been termed the dual Accepted Article binding mode (Carvalho et al., 2007) . However, it has also been observed that certain dockerins that lack structural symmetry display a single-binding mode (Bras et al., 2012) . In those dockerin sequences each segment represents separate binding interfaces that can recognize a different cohesin (Pinheiro et al., 2009; VoronovGoldman et al., 2015) . The latter characteristics of known dockerin sequences reflect the complexity and diversity in cohesin-dockerin interactions that contribute to dockerin flexibility in case of steric interferences and improved response to the dynamic process of plant cell wall degradation (Carvalho et al., 2007) .
In our previous study (Ben David, 2015) , the 64 dockerins of R.
champanellensis ( and the first segment of Group 4 would allow interaction with cohesin I. This hypothesis can also be extended to the group 2 dockerins, which also bind to CohI.
Similar motifs were thus found between the first segment of the group 2 dockerins and the segment that is considered to interact with CohI in groups 3 and 4, as Accepted Article described below (see Figure 4 ). This analysis might therefore serve to explain why these groups are also associated with CohI.
The CohI-interacting dockerin segment is characterized by Val or Ile and Ala (or small uncharged residue, i.e., Asn or Ser) in positions 10 and 11, mainly Val or an aliphatic residue in positions 13 and 14 (positions 14 and 15 in the second helix), and hydrophilic resides followed by aromatic amino acids in positions 17 and 19 ( Figure   4 ). In contrast, the sequences of the CohC-and CohD-interacting dockerin segment exhibit more variance in the amino acids found in the putative recognition positions.
Yet, the basic amino acids, Arg and Lys, exclusively occupy positions 17 and 18.
Notably, the dockerins of Xyn11A-CE and GH98 have hydrophilic and charged amino acids in positions 10, 11 and 14 (position 15 in the second helix), which can explain why they failed to interact with CohI.
According to these new findings, Groups 3 and 4 were redistributed into four groups of putative cohesin-dockerin interactions: (i) interaction with cohesins C, D
and I, (ii) interaction with CohC and CohD only, (iii) interaction with CohI, and (iv)
currently unknown interactions (Supplemental Figure S3 ).
Affinity-based ELISA. The dockerin-containing enzymes were examined for their interactions with the 21 cohesins of R. champanellensis. In a previous work (Ben David et al., 2015) , 20 cohesins were described. The published sequence of the genome contains numerous gaps, and an additional scaffoldin, ScaL, was identified during the course of the present work. The ScaL gene, which was recovered by genome walking, includes a large N-terminal domain of unknown function, a nucleoporin-like module, a cohesin module and a dockerin module (Table 3 ).
The cohesin genes were all fused with a CBM cassette that has been employed earlier for antigen recognition (Ben David et al., 2015) . All 25 dockerin-bearing proteins were tested for their binding affinity with the 21 cohesins known to date, including the additional CohL from ScaL, described in this work.
A total of 525 interactions were tested, among them 80 positives (Figures S4 and S5; negative interactions are not shown). Binding affinity partners of 24 dockerins were determined out of the 25 examined.
Glycoside-hydrolases from Group 2 (alignment in Supplemental Figure S6) presented various binding profiles ( Glycoside-hydrolases from Groups 3 and 4 were all active except for Cel8A as previously reported (Ben David et al., 2015) (Table 4 and 
DISCUSSION
The microbial community that occupies the human gut habitat is known to produce an arsenal of enzymes that together degrade complex carbohydrates from the diet that cannot be hydrolyzed by human-based enzymes (Flint et al., 2008) , thereby providing supplemental energy sources for the host. Bacteria within this community are believed to have evolved to specialize in certain types of carbohydrate degradation
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and complement each other (Martens et al., 2011) . Bacteroidetes display enzymatic activities for starch, hemicellulose, pectins and glucans (Xu et al., 2003a) but limited ability for cellulose degradation (Robert et al., 2007; McNulty et al., 2013) . On the other hand, Firmicutes are able to utilize starch, cellulose and hemicelluloses. They are considered to be more substrate-specific (Salyers et al., 1977; Chassard et al., 2007; Walker et al., 2011; Chassard et al., 2012; Ze et al., 2012) , and some species among the Firmicutes purportedly represent keystone species in polysaccharide degradation (Ze et al., 2013; Ben David et al., 2015) .
The R. champanellensis genome contains a repertoire of 12 scaffoldins (Table   3) , each of which contains various numbers of cohesins from one to seven. In most cases the scaffoldins also possess a dockerin that will allow interactions with other scaffoldins. The cohesin-dockerin interactions among the various components revealed the possible assembly of a cell-associated cellulosomal complex that could assemble up to 11 enzymes.
In this study, we conducted an extensive, near-complete analysis of the cellulosomal enzymatic system of Ruminococcus champanellensis. In addition, the dockerin specificities of 25 enzymes were revealed and were found to be consistent with our overall predictions, based on the sequence similarity between dockerins and recognition residues. The R. champanellensis genome contains 65 dockerin-bearing proteins, among which 25 enzymes were characterized in the present study, and 8 scaffoldin-borne dockerins were characterized in our previous study (Ben David et al., 2015) in addition to 31 non-glycoside-hydrolase dockerin-containing proteins. The dockerin specificities of the latter remain to be elucidated. As in our previous study (Ben David et al., 2015) , none of the dockerins examined in this study interacted with 5 cohesins (namely, CohB6, CohB7, CohF, CohG and CohK). Consequently, their respective binding partner(s) remain as yet unknown.
The set of cellulosomal enzymes in R. champanellensis comprises both cellulose-(endoglucanases and exoglucanases) and hemicellulose-degrading activities, the latter of which include xylanases, mannanases, arabinanases, xyloglucanases and arabinofuranosidases. One interesting fact is that all members of the cellulase families, i.e. GH8, GH9 and GH48, contain a dockerin module.
Moreover, all members of the hemicellulase families, including GH10, GH11, GH30, Sequence alignment and phylogenetic tree analysis of the additional five GH5s with other characterized GH5 enzymes demonstrated that 4 of them are predicted cellulases and one is consistent with mannanases.
Cellulosome-producing bacteria frequently possess two sets of enzymes, cellulosomal and non-cellulosomal. C. thermocellum, for example, produces two highly active cellulases, Cel48Y and Cel9I, which contain cellulose-specific CBMs instead of dockerins, and are therefore not part of the cellulosome system (Berger et al., 2007) . The non-cellulosomal system also includes two GH5s, three GH10s (at least one of which exhibited xylanase activity (Zverlov et al., 2005) ), one GH43 and several others (Dassa et al., 2012) . Intriguingly, R. champanellensis produces cellulosome complexes for its main strategy for both cellulose and hemicellulose degradation, with only a few free enzymes confined to GH family 5.
It is interesting to note that representatives of the GH48 and GH9 families were highly upregulated in the proteome of both R. champanellensis and R.
flavefaciens cells (Vodovnik et al., 2013) when grown on cellulose rather than cellobiose. Both of these highly expressed proteins carry dockerins and are thus assumed to be cellulosomal in these two species. Both types of enzymes are typically abundant in cellulosomes, particularly when the parent bacterium is grown on cellulosic substrates (Dror et al., 2003; Berg Miller et al., 2009 ).
It is also interesting to note, that the R. champanellensis genome codes for a GH98 enzyme, which is rare, and this enzyme is also part of the cellulosomal machinery. Thus far, a dockerin-containing GH98 was reported previously only in Clostridium cellulovorans (Cantarel et al., 2009) . Ruminococcus albus also produces a GH98, but without a dockerin (Dassa et al., 2014) . GH98 enzymes have previously been shown to exhibit blood group endo--galactosidase activity in pathogenic bacteria, although in our particular case, the enzyme appeared to be inactive on a colorimetric galactopyranoside-containing substrate.
The enzymes examined in this study exhibit two types of cohesin-dockerin specificities. The specificity type seems to be unrelated to the molecular weight of the proteins but could perhaps be linked to the enzymatic activity, i.e., Group 2 enzymes representing mostly cellulases and Group 3 and 4 mostly hemicellulases and nonglycoside hydrolase proteins. These results raise the question why certain enzymes need an adaptor scaffoldin to be integrated into the cellulosomal complex? An
interesting observation is that most of the enzymes that bind directly to the scaffoldin (from Group 2) have a particularly long Thr-rich linker that links the dockerin to the catalytic module, which may infer that the adaptor scaffoldins (ScaC and ScaD) also serve as a linker for proteins that lack these types of linker (from Groups 3 and 4).
Similar to the R. champanellensis Sca's C and D, the R. flavefaciens ScaC also serves as an adaptor scaffoldin, which allows many proteins that are not recognized directly by the ScaA cohesins to be bridged into the cellulosome assembly (Rincon et al., 2004) . These types of adaptors are different from adaptor scaffoldins that serve to amplify the number of enzymes in the cellulosomal complex (Xu et al., 2003b; Dassa et al., 2012) . In contrast, monovalent adaptor scaffoldin may be part of a regulatory mechanism for cellulosomal composition.
An interesting fact is that in each of the two specificities, the dockerins did not interact similarly with the various cohesins but presented diverse patterns of affinity.
This phenomenon is especially intriguing considering that Group 2 dockerin sequences are very similar. This could reflect an organized manner of integrating enzymes or cellulosomal components in the complex and not a random assembly of the enzymes on the scaffoldin as suggested for cellulosome assembly in other bacteria. Multiple cohesin-dockerin binding specificities have also been demonstrated for different dockerin-carrying enzymes in the phylogenetically related R. flavefaciens (Rincon et al., 2003; Jindou et al., 2006) . These results for both Ruminococcus spp.
essentially contradict those of a recent study by Hirano and colleagues (Hirano et al., 2015) , in which it was suggested that preferential binding of cellulosomal enzymes to the cohesin modules did not result from slight differences in binding affinity but from differences in the length of the inter-cohesin linker: a shorter inter-cohesin linker promoting preferential binding.
Our analyses contribute to a better understanding of the enzymatic degradation of complex carbohydrates by R. champanellensis in the human gut. Our findings highlight the importance of the cellulosome paradigm for cellulose and hemicellulose degradation and the controlled assembly of the complex via fine-tuned cohesindockerin recognition.
Experimental Procedures
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Cloning. Dockerin-containing glycoside hydrolases were cloned from R. champanellensis genomic DNA using appropriate primers (Supplemental Table 1) and Phusion High Fidelity DNA polymerase F530-S (New England Biolabs, Inc). The genes were restricted using Fastdigest enzymes (Thermo scientific, USA) and ligated into either in pET21a or pET28a using T4 DNA ligase (Fermentas UAB, Vilnius, Lithuania). The constructs were designed to contain a His-tag for subsequent purification.
The CBM-Coh gene cassette (Barak et al., 2005) 
Recombinant protein expression and purification. E. coli BL21 (DE3) cells
were transformed with the desired plasmid and plated onto LB-kanamycin plates. The cells producing GH5B-, GH8A-, GH9A-, GH9C-, GH9D-, GH9E-, GH9F-, GH9G-, GH10A-, GH10B/GH43E-, GH11A/CE-, GH16-, GH43C-and GH74A-containing enzymes and ScaL were grown in 50 ml LB (Luria Broth) and 2 mM CaCl 2 (to facilitate proper folding of the dockerin) at 37°C until A 600 ≈0.8-1 and induced by adding 0.1 mM (final concentration) isopropyl-1-thio-β-D-galactoside (IPTG) (Fermentas UAB Vilnius, Lithuania). Cell growth was continued at 16°C overnight.
Cells producing GH5A, GH5C, GH26A, GH26B, GH30A-CE, GH43A, GH43B, GH43D, GH44A, GH48A or GH98A were grown in 50 ml TYG (Tryptone Yeast Glucose) medium supplemented with 2 mM CaCl 2 at 37°C until A 600 ≈0.8-1 and induced by adding 0.1 mM IPTG. Growth was continued 3 h at 37°C. Cells were harvested by centrifugation at 5000 rpm for 5 min. Pelleted cells were resuspended in 1 ml TBS (Tris-buffered saline, 137 mM NaCl, 2.7 mM KCL, 25 mM Tris-HCl, pH=7.4).
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The His-tagged proteins were either purified on a nickel-nitrilotriacetic acid (Ni-NTA) column (Qiagen), as reported earlier (Caspi et al., 2006) or small-scale purified using Ni-NTA spin columns (Qiagen). The cohesin-containing protein supernatant fluids were added to 2 g of macroporous bead cellulose preswollen gel (IONTOSORB, Usti nad Labem, Czech Republic), and incubated for 1 h, with rotation at 4°C. The mixture was then loaded onto a gravity column, and washed with 100 ml of TBS containing 1 M NaCl, and then washed with 100 ml TBS. Three 5 ml elutions of 1% triethanolamine (TEA) were then collected. The fractions were subjected to SDS-PAGE, in order to assess protein purity, and then dialyzed with TBS.
Purity of the recombinant proteins was tested by SDS-PAGE on 10% acrylamide gels. Protein concentration was estimated by absorbance (280 nm Enzymatic activity assay. All assays were performed at least twice in triplicate. The different proteins were tested against several potential substrates according to the GH family (Cantarel et al., 2009 ) and at a pH corresponding to the optimal pH generally observed for these enzymatic activities in previous studies. All enzymes were tested at a concentration of 0.5 M at 37°C. Cellulases were tested at pH 5 (buffer acetate 50 mM final concentration), for either 1 h with 2% carboxymethyl cellulose (CMC) (VWR International, Ltd, England) or in 10% Avicel for 24 h (FMC, Delaware USA). Xylanases were tested at pH 6 (buffer citrate 50 mM final concentration) for 1 h with 2% beechwood xylan (Sigma). -glucanase were tested on -D glucan from barley (Sigma) for 1h at pH 5 (buffer acetate 50 mM final concentration) Arabinanases were tested at pH 6 (buffer citrate 50 mM final concentration), for 1 h with 2% debranched arabinan (Megazyme, Ireland).
Mannanase were tested at pH 5 (buffer acetate 50 mM final concentration) for 1 h with 1% locus bean gum. The xyloglucanase was examined with 2% xyloglucan (Megazyme, Ireland) for 1 h at pH 6 (buffer citrate 50 mM final concentration).
Enzymatic reactions were terminated by transferring the tubes to an ice-water bath, and the tubes were centrifuged for 2 min at 14000 rpm at room temperature.
Enzymatic activity was then determined quantitatively by measuring the soluble Accepted Article reducing sugars released from the polysaccharide substrates by the dinitrosalicyclic acid (DNS) method (Miller, 1959; Ghose, 1987) . DNS solution (150 l) was added to 100 l of sample, and after boiling the reaction mixture for 10 min, absorbance at 540 nm was measured. Sugar concentrations were determined using a glucose standard curve. The colorimetric substrate, pNP--L-arabinofuranoside (pNPA) (Sigma), was used at 12.5 mM and pH 6 (50 mM citrate buffer) in a reaction mixture containing 0.5 micromolar enzyme, and the tubes were incubated for 20 min at 37°C.
Chitin, laminarin, pNP--D-glucopyranoside and pNP--D-cellobioside (Sigma) were also used for substrate specificity determination.
Affinity-based ELISA. The matching fusion-protein procedure of Barak et al (Barak et al., 2005; Caspi et al., 2006) was followed to determine cohesin-dockerin specificity of interaction. Dockerin-containing enzymes were immobilized on the plate at a concentration of 1 g/ml (100 l/well) in 0.1 M sodium carbonate (pH 9) and incubated at 4°C overnight. The following steps were performed at room temperature for 1 h with all reagents at a volume of 100 l/well, with a three-times repeated washing step (300 l/well blocking buffer without BSA) included after each step. The coating solution was discarded, and blocking buffer (TBS, 10 mM CaCl 2 , 0.05% Tween 20, 2% BSA) was added. The blocking buffer was discarded, and the desired CBM-Coh(s), diluted to concentrations of 100 ng/ml in blocking buffer, were added. Rabbit anti-CBM antibody (diluted 1:3000) was used as the primary antibody preparation and the secondary antibody preparation was HRP-labeled anti-rabbit antibody diluted 1:10000 in blocking buffer. Substrate-Chromogen TMB (Dako, Agilent Technologies, USA) was added at 100 l/well and the reaction was carried out for 2 min before color formation was terminated upon addition of 1 M H 2 SO 4 (50 l/well), and the absorbance was measured at 450 nm using a tunable microplate reader. 
Proteomic analysis of
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harvested following vigorous shaking and allowing the substrate to sediment for a period of 10 min. The cells from both the cellobiose-and cellulose-grown cultures were harvested as described by Vodovnik et al. (Vodovnik et al., 2013) . Equivalent levels of proteins in Rabilloud buffer were separated by two dimensional gel electrophoresis, and gels were imaged as described previously (Vodovnik et al., 2013) . The gels were analyzed with PD Quest software (Bio-Rad). Spots of interest were excised from the gels manually then processed and identified by Nano LC MS/MS as described previously (Vodovnik et al., 2013) . Cellulases were tested at pH 5 and 37°C for 1 h with 2% carboxymethyl cellulose. B.
Comparative enzymatic activity of cellulases at a concentration of 0.5 M and synergism with GH48A. Cellulases were tested at pH 5 and 37°C for 24 h with 10% Avicel. Reactions were performed at least twice in triplicate, standard deviations are indicated. 
Supplementary information legends Supplemental Figure S1 : Purity of the recombinant enzymes after Ni-NTA purification as assessed by SDS-PAGE gels (10% acrylamide). Proteins highlighted in green were examined in our previous study (Ben David et al., 2015) , and proteins highlighted in blue were topics of the present study.
Supplemental
Supplemental Figure S4 : Affinity-based ELISA with Group 2 enzymes. The dockerin-containing enzymes were coated at 1 g/ml and the CBM fused to CohH, CohI, CohA2, CohB1/B2/B3, CohB4, CohB5/B6 or CohCc (from Clostridium cellulolyticum as negative control) were used at 100 ng/ml. Reactions were performed at least three times in triplicate, standard deviations are indicated.
Supplemental Figure S5
Affinity-based ELISA with Group 3 and 4 enzymes. The dockerin-containing enzymes were coated at 1 g/ml and the CBM fused to CohC, CohD, CohH or CohCc (from C. cellulolyticum as negative control) were used at 100 ng/ml. Reactions were performed at least three times in triplicate, standard deviations are indicated.
Supplemental Figure S6 : R. champanellensis dockerin Group 2 alignment. The 17 dockerin sequences of R. champanellensis were aligned, using bioinformaticsbased criteria. Dockerins selected for this study are highlighted in blue and those highlighted in green were also assayed in our previous study (Ben David et al., 2015) (see Table 1 for GI number of the parent proteins). Positions of calcium binding residues are shown in cyan, and putative recognition residues are shown in yellow. Protein names highlighted green were examined in our previous study (Ben David et al., 2015) , and protein names highlighted in blue were topics of the present study. 
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This article is protected by copyright. All rights reserved. from Groups 2, 3 and 4 (rows) were checked against 22 cohesins (only reactive cohesins and negative control are presented in the columns). The 2 schematic modular architecture of the original scaffoldin is represented, cohesins interacting with Group 2 dockerins are represented in red and 3 cohesins interacting with Groups 3 and 4 dockerins are represented in yellow, color-coded according to the scheme in Figure 3 . Interaction 4 intensity (number of pluses) was defined as the intensity of the absorbance at 450 nm. The dockerin-containing enzymes were coated at 1 5 g/ml, and the CBM-fused CohH, CohI, CohA2, CohB1/B2/B3, CohB4, CohB5/B6, CohC, CohD or CohCc (from Clostridium cellulolyticum 6 as negative control) were used at 100 ng/ml. Reactions were performed at least three times in triplicate. 7
